The aim of this study was to quantify the eVect of bottom and suspended mussel cultures, cultured in diVerent physical environments, on the sedimentary environmental conditions and thereby the biodiversity structure of the associated macrofaunal community. We compared two bottom cultures (Limfjorden: microtidal, wind-driven; Oosterschelde: macrotidal) and one suspended culture (Ria de Vigo in an upwelling coastal region). The sedimentary environmental conditions (mud fraction, POC, PON, phosphorus content, chl a breakdown products) were signiWcantly elevated underneath and surrounding bottom and suspended cultures compared to culture-free sediments that were nearby and hydrodynamically similar. The relative change in environmental conditions was more pronounced in the Oosterschelde compared to Limfjorden, most likely due to diVerences in hydrodynamic forcing and characteristics of the mussel bed. The eVect of the suspended cultures in Ria de Vigo on the surrounding sediments was inXuenced by local topographic and hydrodynamic conditions. The impact of mussels on the benthic community due to biodeposition was clearly seen in the community structure. The species composition changed from species which are typically present in sandy environments to more small opportunistic species, which are typically present in organically enriched sediments. The impact of bottom cultures on the benthic community due to changes in the habitat under the presence of mussels was positive, especially in the Oosterschelde where an increase in the number of epibenthic species was seen. The inXuence of bottom cultures on the sedimentary environment and on the macrobenthic community seems to be very local. Within the mussel site in Limfjorden, diVerences were detected between sites where none or almost no mussels were present with sites where mussels were very abundant.
Introduction
Habitat created or modiWed by the physical architecture of large or spatially dominant species plays an important role in structuring communities in a variety of terrestrial, aquatic, and marine habitats. These organisms, termed foundation species by Bruno and Bertness (2001) , create (facilitate) habitat for many associated species, and have been recognized as important drivers of biodiversity (Bruno et al. 2003) . Jones et al. (1994 Jones et al. ( , 1997 introduced the concept of ecosystem engineers for "organisms that change biotic or abiotic materials, thereby controlling availability of resources to other organisms". Their impact and importance are likely to shift across environmental stress gradients (Crain and Bertness 2006) . In extreme physical environments, ecosystem engineers will ameliorate physical stress. In physically more benign environments, ecosystem engineers will support ecosystem processes by providing competitor-or predator-free space.
A conspicuous element in shallow coastal and estuarine ecosystems is the presence and often dominance of macrobenthic suspension-feeders such as mussels and oysters. Dense populations of these bivalve Wlter-feeders, including both wild and cultured populations, can modify and maintain very speciWc habitats. Mussels like Mytilus edulis naturally occur on rocky shores and on soft sediments where they form large beds. They are attached to the substratum and to each other by byssal threads, creating an irregular surface topography. This complex epibenthic matrix provides a biogenic habitat for a large number of plant and animal species, including algae, worms, snails, crustaceans (Tsuchiya and Nishihira 1985; Dittmann 1990; Seed and Suchanek 1992; Reise 2002; Thiel and Ullrich 2002) . Mussel beds control the benthic environment directly by providing habitat and indirectly by providing shelter from predation, trapping sediment and altering water Xow (Gutiérrez et al. 2003) . In addition, they change benthic-pelagic exchange, as they Wlter signiWcant amounts of seston particles from the water column, diverting primary production and energy Xow from the pelagic to the benthic (Cloern 1982) . This biodeposition results in a further modiWcation of the sedimentary habitat (Graf and Rosenberg 1997; Norkko et al. 2001) . Because of the intensity of this benthicpelagic coupling, they play an essential role in the functioning of coastal ecosystems (Alpine and Cloern 1992; Dame 1996) .
Mussel beds naturally occur in many subtidal and intertidal areas around the world, but mussels are also extensively cultured. Mussel aquaculture is done by means of bottom cultures (by seeding intertidal or subtidal beds), but also by suspended cultures (using rafts or longlines), and cultures on bouchots (Smaal 2002) . Being suspended into the water column, mussels from rafts or longlines do not provide direct habitat to the sedimentary environment below them, but their feeding activity results in the packaging of Wne suspended material into large feces and pseudofeces that rapidly settle to the seabed. This biodeposition leads to enrichment of the sediment with organic material (Kautsky and Evans 1987) , an increase in microbial activity (Kaspar et al. 1985) resulting in reduced interstitial oxygen concentrations (Tenore et al. 1982) , increased sulfate reduction (Dahlbäck and Gunnarsson 1981) and increased denitriWcation (Kaspar et al. 1985; Christensen et al. 2003) . A variety of levels of eVect of shellWsh farming activities on the benthic environment has been reported (Crawford et al. 2003; Newell 2004) .
The EU project MaBenE aimed to develop ecological models for ecosystems dominated by benthic Wlter feeders, in order to optimize shellWsh production in terms of yield as well as nature conservation. This requires thorough knowledge of the interplay between the physical regime and the biota in these systems. The aim of this study was to examine if bottom mussel beds or suspended cultures, maintained in diVerent physical environments, change the bottom environmental conditions and thereby the biodiversity structure of the associated benthic macrofaunal community in a systematic and (across systems) predictable way. Therefore, we sampled very diVerent systems that together span the range of conditions under which mussel culture may be found. Two bottom cultures (Limfjorden: microtidal, wind-driven system; Oosterschelde: macrotidal system) and one suspended culture (Ria de Vigo, an upwelling coastal region) were compared. It was hypothesized that the macrobenthic community would be altered due to the presence of mussels on the sediment surface, which creates a speciWc habitat that attracts other organisms, mostly epibenthic species and a variety of mobile fauna (e.g. crustaceans, echinoderms). As a result of the change in habitat structure an increase in species richness and diversity was expected. On the other hand, changes in sedimentary conditions, i.e. an increased organic Xux to the sediment mainly caused by enhanced excretion of (pseudo-) feces, was expected to increase density and decrease biomass and number of endobenthic species, in accordance with general patterns of benthic response to organic enrichment (Pearson and Rosenberg 1978) . This eVect was expected to be stronger in a low-Xow environment with direct local deposition (Limfjorden) than in a high-Xow environment (Oosterschelde) where most biodeposition may be swept away with the currents. Suspended cultures, at least when they do not drop substantial numbers of mussels to the sediment (but see Grant et al. 1995) decouple the eVect of habitat formation from the enrichment eVect. In the nearby surroundings of suspended cultures a decrease in biotic parameter values (diversity, density and biomass) was expected, because biodeposition and therefore organic Xux to the sediment was expected to be very intense.
Material and methods

Study areas
The areas selected in the MaBenE project represent some of the most important types of bottom and suspended cultures in Europe.
Limfjorden (1,575 km 2 , 7.1 km 3 ), in the north of Denmark, is an open sound in connection with the North Sea in the west and Kattegat in the east (Fig. 1) . It is a shallow system (mean depth 4.5 m) with a salinity that ranges from 22 to 32. There is a constant intrusion of high saline water from the North Sea and an input from the Kattegat of low saline water. The freshwater input from the surrounding area measures 2.7 km³ per year. Water temperatures in Limfjorden average around 2-3°C in winter, and 15-17°C in summer. Limfjorden is a micro-tidal system with a tidal amplitude of 0.1-0.2 m; the main physical driving forces are wind and solar radiation (Wiles et al. 2006) . The center of Limfjorden opens into a large shallow basin, Løgstør Bredning (depth 5.8 m), where the Weld sites of the present study were located (Fig. 1) . Limfjorden is a eutrophic water body aVected by nutrient input from the surrounding watershed. This results in high primary production rates of up to 1,000 mg C m ¡2 per day in summer (Dolmer and Frandsen 2002) which supports a high level of biomass of benthic suspension-feeders. Mussel Wshery in Limfjorden is based primarily on wild populations of M. edulis. Mussels are gathered by dredging; this is done once in approx. 2.5 years, because it takes that time for the minimum legal size of 4.5 cm to be reached (Dolmer et al. 1999) . Natural recruitment occurs in existing mussel beds and is suYcient to maintain exploitation of the wild beds.
The Oosterschelde is a macrotidal system with an average depth of 9 m, a tidal range of 3.25 m, and a surface area of 350 km 2 , of which 30% is tidal Xats (Fig. 2) . Due to the construction of a storm-surge barrier and two compartment dams (Wnalized in 1986), the estuary has changed into a sea inlet, and is nowadays characterized by a low freshwater river discharge (10 m 3 s ¡1 ), high salinity (>30), relatively high water transparency (>2 m on average), long water residence time (10-50 days in the western part, 150 to >200 days in the eastern part) and low inorganic nutrient concentrations. Current velocities in the Oosterschelde can reach up to 1 m/s in the main gullies. The Oosterschelde estuary has an extensive bottom culture of mussels on cultivation plots. Mussel spat and half-grown mussels (M. edulis) are imported from the Wadden Sea and further cultivated on lease sites. Culture plots are mostly situated on the banks of tidal channels, from the intertidal range to 10-15 m below low tide level. The cultivation time of mussels is 14-33 months.
Ria de Vigo is one of the four Rias Baixas on the NW of the Iberian Peninsula (Fig. 3) . Here the northern limit of the NW Africa upwelling system occurs; winds interact with the coastal topography to generate upwelling-downwelling dynamics on the continental shelf. The upwelling season occurs on average from March to September, when northerly winds prevail, but strength and frequency of upwelling events during this season vary strongly from year to year (Figueiras et al. 2002) . Production of phytoplankton depends on the upwelling of nutrients with the cold deep seawater, which is advected into the bay. The high primary production, based on these nutrients, allows intensive suspended mussel cultures (Mytilus galloprovincialis) in the Rias. The Rias support a high density of mussel Xoating rafts made of crossed wooden laths (Figueiras et al. 2002) . Rafts are 500 m 2 (25 £ 20 m) with on average 500 hanging ropes 12 m long each. In Limfjorden, sampling was done in Løgstør Bredning (Fig. 1) . Two sites were identiWed: one area over mussel beds and the other, which was 950 m to the southeast, served as control site without mussels. Water depth at the mussel site was 7 m, and at the control site 5 m. Tidal currents at both sites are <0.1 m s ¡1 . Hydrographic conditions, such as current speed, wave impact on the bottom, eddy viscosity and stratiWcation conditions were very similar between the sites (Wiles et al. 2006; Riethmüller, pers. comm.) . Samples were taken randomly within an area of 50 £ 50 m in the mussel site and the control site. At both sites 25 samples were taken with a box-corer. Because of the low coverage, box cores taken in the mussel site sometimes did not contain any mussels. This allowed us to look also to small spatial scale diVerences, by dividing the mussel site further into samples with mussels (m-site, n = 16) and samples with no or 1 individual mussel (nm-site, n = 9).
In the Oosterschelde sampling was done on the eastern slope of the 'Brabants Vaarwater' channel (Fig. 2) . The mussel site was in a mussel culture plot of 4.5 ha area that was seeded with 5,000 tons fresh weight of mussels in December 2003. The average water depth was around 6 m. The control site was located about 300 m south of the mussel site, with a water depth of around 8 m. The bed morphology here was characterized by sand ripples transverse to the tidal Xows with a wavelength of 10 m and amplitude of 0.5 m. Maximal tidal currents were observed during Xood with a max. velocity of 0.9 m s ¡1 at both sites. The water column was thoroughly mixed. Vertical velocity gradients and eddy viscosity were slightly diVerent between sites, due to the increased bottom roughness at the mussel site. Thus, the only detected diVerences in hydrography between the sites were part of the mussel eVect (Riethmül-ler et al., in preparation) . Ten box core samples were taken randomly within an area of 50 £ 50 m at both sites.
In Ria de Vigo, rafts are organized in large polygons containing tens to hundreds of rafts. Sampling was done in a polygon in the outer part of the Ria, close to the northern shore in an embayment near the village of Cangas (Fig. 3) . The area is characterized by alternating bays and headlands that reach out below the water surface to the central axis of the Ria. Three polygons with 68, 35 and 55 rafts are , respectively. From each box core a sediment sample of the upper cm (lump sample of three replicates) was collected with a syringe (1 cm ;) for sediment and pigment analysis. These samples were immediately frozen and kept in the dark. The remaining of the core was sieved on board (mesh size 1 mm) and Wxed with formaldehyde.
Additional video tracks were made to record the distribution of the mussels and/or presence of large epibenthic animals. In Limfjorden, this was done by a diver who videoed transects along pre-laid outlines with markers every 50 cm.
Laboratory analysis
The macrofauna was determined to the lowest taxonomic level possible. Species were classiWed into feeding groups based on food resource and feeding mechanism: subsurface deposit feeders (SSDF), surface deposit feeders (SDF), suspension feeders (SF), predators and omnivores. Biomass of small species was estimated by Wrst establishing, using a selection of individuals, a regression line of wet weight to ash free dry weight (AFDW). For all other individuals wet weight was determined and converted to AFDW using the regression line. To estimate biomass of large or broken animals the AFDW was measured.
Sediment grain size was analyzed by laser diVraction, using the Malvern Mastersizer. Particulate organic carbon (POC) and nitrogen (PON) of the sediments were analyzed by a Carlo Erba elemental analyzer, type NA-1500. The phosphorus content of the sediments was determined by using Perkin Elmer ICP-OES, type Optima 3300DV. Photopigments were extracted from the freeze-dried sediment by adding 10 ml 90% acetone, placing it in a ball mill for 20 s and centrifuging for 5 min at 1,500 rpm. The supernatant was analyzed by HPLC following JeVrey et al. (1997) . Sediment chlorophyll a concentrations were determined as a relative measure of photosynthetic biomass. The phaeopigments phaeophytin a-like and phaeophorbide a-like pigments were used as indication for the presence of degradation products (chlorophyll derivatives) due to the feeding activity and digestive processes of the mussels (Hawkins et al. 1986 ).
Statistical analysis
The hypothesis underlying this study is that mussels, by biodeposition and habitat structuring, have predictable eVects on the rest of the benthic community, regardless of type of culture or speciWc habitat characteristics. Therefore, we chose to replicate ecosystems, spanning a variety of mussel-dominated systems, rather than spend our eVorts to replication within each of the systems. Within each of the systems our approach can be called pseudoreplicated since only a single mussel site was compared with a single control site. However, these sites were carefully selected to be as close to each other as practically possible (some distance is required to assure that no eVects are transferred horizontally) and hydrographically similar. In addition, we demonstrated this similarity with extensive measurements. Overall, our study is composed of replicate sets of sites that, to our best knowledge, only diVer in the presence of mussels. Any consistent trends in the diVerence between mussel and control sites can, therefore, be ascribed to the presence of mussels.
Within systems, we used Student's t tests to test for diVerences in sediment properties and macrofaunal characteristics between the mussel sites and reference sites. The assumptions of homogeneity of variances and normality were conWrmed using Levene's and KolmogorovSmirnov tests. Total abundance and total biomass and abundances and biomass of macrofauna species were log transformed prior to analysis. Across systems, we rely on qualitative comparison because too many details diVered in the sampling protocols (e.g. size of the box corers, inXuence of depth in one of the systems, species composition and species richness) to allow for a practical formal analysis.
Similarities and diVerences in macrofaunal communities were explored using non-metric multidimensional scaling (n-MDS), based on Bray-Curtis similarity indices on double square root, unstandardized data. Stress values indicate how well the solution (two-dimensional MDS plot) reXects the similarities among samples. Values <0.1 are good and <0.2 are useful (Clarke 1993) . Overall and pair-wise comparisons for signiWcant diVerences in macrofaunal composition between habitats were made using analysis of similarity (ANOSIM). SIMPER analyses were used to determine the percent of similarity of samples and the particular taxa responsible for diVerences between groups.
Multivariate analyses and diversity measures were analyzed with the program Primer 5.0 (Clarke 1993) .
Results
Characteristics of the sediment mussel matrix
The Limfjorden mussel site was characterized by a very patchy distribution of the mussel M. edulis (Fig. 4) . Patch size ranged from small clumps of a few cm to large beds of mussels of >25 m. Based on the video transects the average coverage was estimated to be 27%. Average length of the mussels was 22.26 § 0.32 mm. The length frequency distribution shows that mainly mussels of a single cohort are present (2-year old), with a few individuals of an older cohort ( ). The mussel site in the Oosterschelde was in a mussel culture plot of 4.5 ha area that was seeded with 5,000 tons fresh weight of mussels M. edulis in December 2003. Based on the video transects a coverage of >75% was observed (Fig. 4) ; box cores always contained mussels. Mussels had on average a length of 55.1 § 0.66 mm; all belonged to a single cohort (Fig. 5) ).
Biogeochemical characteristics of the seaXoor sediments A signiWcant eVect of the presence of the mussels on grain size distribution and mud content (fraction <63 m) was observed in all three study areas (Table 1 ; Fig. 6 ). In Limfjorden median grain size at the mussel site was 1.3£ lower than at the control site. No mud was observed at the control site, whereas at the mussel site mud content averaged 13 § 1.2%. At the small spatial scale within the mussel site, samples containing mussels had a signiWcantly (p < 0.01) lower median grain size and higher mud content than non-mussel samples (Table 1 ). In the Oosterschelde, diVerences between the mussel site and the control site were more pronounced compared to Limfjorden, with a »3£ lower median grain size at the mussel site and a mud content of 41 § 5.7% compared to zero (Table 1 ). In Ria de Vigo, the situation is more complicated as the sediment grain size changed along the depth gradient, but on average a higher mud content and lower median grain size was 123 found along the transects in the mussel site than along the transects in the control site (Fig. 6 ). The diVerence is most expressed at the largest depths. The chemical properties of the sediment showed similar trends as the trends observed for grain size and mud content, with signiWcantly higher contents of POC, PON and phosphorus at the mussel sites than in the control sites (Table 1) . In Limfjorden, values were 2 to 2.5 times higher at the mussel site and C:N ratio did not diVer signiWcantly between sites. At the small spatial scale within the mussel site, we observed also a signiWcant diVerence (p < 0.01) with the m-site (samples with mussels) having a 1.5 to 2.5 times higher POC, PON and phosphorus content than the nm-site (samples without mussels). In the Oosterschelde larger diVerences were observed (factor 20, 15 and 50 for POC, PON and phosphorus, respectively; Table 1 ). C:N ratio was signiWcantly higher at the mussel site. In Ria de Vigo POC, PON and phosphorus content varied with depth as did mud content (Fig. 6) . Highest absolute POC, PON and phosphorus concentrations in our study were found in Vigo.
The chl a contents on average did not diVer between the mussel bed and the control site in Limfjorden, whereas in the Oosterschelde chl a was »40£ higher at the mussel site (Table 1) . In both Limfjorden and Oosterschelde, phaeopigment contents were signiWcantly higher at the mussel site. At the small spatial scale within the mussel site in Limfjorden, we observed signiWcantly higher chl a and phaeopigment contents at the m-site compared to the nm-site. In Vigo, compensating for depth, both chl a and (especially) phaeophytin Sample sizes in brackets. The Limfjorden mussel samples were subdivided in samples containing mussels (m-sites) and samples containing no mussels (nm-sites). SigniWcant diVerences were observed for all variables (Student's t test, p < 0.01), except for C:N ratio (Limfjorden) and chl a (Limfjorden) a contents were higher at the mussel than at the control sites (Fig. 6 ).
Macrobentic diversity and community structure
Species richness and diversity
In Limfjorden, 23 species were observed at the mussel site; taxonomic groups included Annelida (74%, 17 sp.) and Mollusca (17%, 4 sp.), together with one species of echinoderms and one species of ascidians. Fourteen of these species were not found at the control site. At the control site, 19 species were identiWed; also here Annelida (63%, 12 sp.) and Mollusca (26%, 5 sp.) dominated, together with one species of echinoderms and one species of sea anemones. Ten species were not found at the mussel site. Epifaunal species were very rare at both sites: two species at the mussel site and one at the control site respectively. This was conWrmed by the video transects. From these images we observed regularly the sea slug Philine aperta and the gastropod Hinia reticulata, and occasionally individuals of the crab Carcinus maenas and the sea star Asterias rubens. Species richness, diversity and evenness were similar at both sites (Table 2) . At the small scale, however, within the mussel site a higher species richness was observed in the samples with mussels present, but with a signiWcantly lower diversity and evenness (Table 3 ). In the m-site and the nmsite in total 20 and 12 species respectively were found. In the Oosterschelde 54 species were identiWed at the mussel site; taxonomic groups included Annelida (58%, 31 sp.), Crustacea (26%, 13 sp.) and Mollusca (8%, 7 sp.), together with two species of echinoderms and one unidentiWed species of sea anemone. Forty of the identiWed species were not found at the control site. At that site 28 species were identiWed: Annelida (52%, 15 sp.), Crustacea (18%, 6 sp.), and Mollusca (15%, 4 sp.), together with two species of echinoderms. Thirteen species were not found at the mussel site. The number of epibenthic species was much higher in the mussel site compared to the control site (17 and 8 species, respectively). The video transects showed A. rubens and C. maenas as common species at the mussel site. Species richness, as well as diversity, was signiWcantly higher at the mussel than at the control site, but evenness was lower (Table 2 ).
In Ria de Vigo a diverse macrofaunal community was observed, and not all individuals were determined at species level. In the mussel site 159 taxa were identiWed in the three transects (18 samples): Polychaeta (57%), Crustacea (21%), Mollusca (6%) and Echinodermata (6%) dominated. Sixty-three of the identiWed taxa were not found at the con- trol site. In the control site, 152 taxa were identiWed in the two transects (12 samples). The same phyla dominated. Sixty-eight taxa were not found at the mussel site. The species richness in the reference site was 31.4 § 2.26 per sample and in the mussel site 25.6 § 2.18, but no signiWcant diVerence was observed between the two sites, because of the large variability. Diversity and evenness were signiWcantly higher in the reference site. No signiWcant relation with depth was observed.
Abundance and biomass
In Limfjorden and Oosterschelde, the total mean abundance and biomass were signiWcantly higher at the mussel site than at the control site, but this was completely attributed to the presence of the mussels (Table 2 ). Without mussels the mean abundance and biomass were signiWcantly lower at the mussel site than at the control site in Limfjorden, whereas in the Oosterschelde the opposite (but non-signiWcant) was observed. At the small spatial scale in Limfjorden, within the mussel site, the abundance and biomass at the m-site were signiWcantly higher than at the nm-site (Table 3) , but this diVerence was not signiWcant anymore when omitting the mussels.
In Oosterschelde, endofaunal abundance in the mussel site (504 ind. m ¡2 ) was higher compared to the control site (357 ind. m ¡2 ), but endofaunal biomass was signiWcantly lower; epifaunal biomass on the other hand was signiWcantly higher in the mussel bed (Fig. 7) .
In Ria de Vigo, total abundance did not diVer signiWcantly between the reference site and the mussel site (Table 4) . Total biomass at the mussel site was signiWcantly lower than at the reference site, but a large variability was observed because of the dominance of a few large individuals. No signiWcant relation with depth was observed.
Feeding types
In Limfjorden, SF dominated the mussel site in density and biomass. At the control site, SSDF (mainly Heteromastus Wliformis) numerically dominated, SF (Ensis) dominated in terms of biomass. The number of SSDF (H. Wliformis) was signiWcantly lower at the mussel site compared to the control site, whereas the number of SDF was higher. At the small spatial scale within the mussel site, the m-site had higher densities of SDF and predators than the nm-site. Small SDF like Polydora sp. and Syllidia armata and small Table 2 Total number of species (N 0 ) and number of species observed in one site and not in the other (s), and average ( §SE) of species richness, species diversity (H), evenness, total abundance, abundance without mussels, biomass, biomass without mussels, and abundances of dominant species in Limfjorden (n = 25 for each site) and the Oosterschelde (reference site n = 8; mussel site n = 10) (Table 3 ). In the Oosterschelde, SF dominated the mussel site in terms of density and biomass. At the control site SSDF (Scoloplos armiger) and predators (Nephtys cirrosa) numerically dominated. The biomass of SSDF was signiWcantly lower at the mussel site, whereas endofaunal SDF biomass was higher. The biomass of epifaunal predators and omnivores was much higher at the mussel site than at the control site (Fig. 7) .
In Ria de Vigo small polychaetes numerically dominated at the mussel site, mainly SDF (51%, Prinospio sp., Aphelochaeta marioni, Ampharete sp.) and SSDF (31%, H. Wliformis) (Table 4) . Predators (9%) and especially SF (3%) were of minor importance. SDF (47%, Spio sp., Prinospio sp., A. marioni, Paraonis fulgens) also dominated at the reference site. SSDF (19%, H. Wliformis) were less dominant than at the mussel site, whereas SF (15%, e.g. Ampelisca sp., Actiniaria, Ophiothrix fragilis) and predators (13%, e.g. Lumbrineris sp., Sphaerosyllis sp.) were more abundant. Biomass at both sites was dominated by a few large individuals of SF, e.g. Acanthocardia tuberculata and Cucumaria Table 3 Total number of species (N 0 ) and average ( §SE) of species richness, species diversity (H), evenness, total abundance, abundance without mussels, biomass, biomass without mussels, and abundances of dominant species in Limfjorden at the small spatial scale: nm-site (n = 9, samples without mussels or 1 individual) and m-site (n = 16, samples with mussels) frondosa at the mussel site, and Cucumaria elongata, C. frondosa, and Dosinia exolata at the reference site.
Benthic community structure
The MDS ordination analysis for Limfjorden showed a clear separation of samples between the control and mussel sites. This separation remained after removal of M. edulis from the data matrix (Fig. 8 , ANOSIM p < 0.01). Species that were responsible for the signiWcant dissimilarity (66%, without mussels) were the polychaetes H. Wliformis and S. armiger (characteristic for control site) and Nereis sp.
(mainly Nereis succinea), Harmothoe sp., S. armata, Polydora sp. and Capitella capitata (characteristic for mussel site; Table 2 ). The polychaete Pectinaria koreni, common at both sites, showed signiWcantly higher densities at the mussel site. In addition, the samples from the control site were more similar within the site (average similarity 71%) than samples from the mussel site (similarity 52%). The community structure inside the mussel site had a rather large variability. This was to a large extent explained by the signiWcant diVerence in community structure between the m-and nm-site (Fig. 8 , ANOSIM p < 0.01).
In the Oosterschelde, the MDS (excl. M. edulis) indicated that the community structure of the control and mussel site signiWcantly diVered from each other (Fig. 8 Table 2 ). Additionally, several epibenthic species were only observed in the mussel site (e.g. the amphipods Amphilochus neapolitanus, Abludomelita obtusata, Microdeutopus anomalus, Microprotopus maculatus and the decapods Athanas nitescens, C. maenas, Pinnotheres pisum; the latter living symbiotically in mussel shells).
In Ria de Vigo, the community structure signiWcantly diVered between the two sites (Fig. 8, ANOSIM p < 0.05), but both sites showed a large variability. The community of the mussel site was numerically dominated by H. Wliformis and Prinospio sp. These two species also occurred at the reference site, but in lower abundances. Other species contributing to the dissimilarity between the mussel site and the reference site were Ampharete sp., Oligochaeta, C. capitata (characteristic for the mussel site) and Spio sp. and Ampelisca sp. (characteristic for the reference site; Table 4 ).
Discussion
Our study suggests that the presence of mussel cultures (both bottom and suspended cultures) change the sediment environment and thereby alter the biodiversity of the macrobenthic communities compared to nearby and otherwise very similar mussel-free areas. Comparisons of the sedimentary environment and associated benthic macrofauna of mussel bed and non-mussel bed locations may be Fig. 8 MDS ordination diagrams for Limfjorden (stress 0.14, top), Oosterschelde (stress 0.08, middle) and Ria de Vigo (stress 0.21, bottom). The MDS shows the diVerences in community structure of the macrobenthos between the mussel site and control (reference) site. In Limfjorden, the mussel site is further split up into nm-site = samples without mussels and m-site = samples with mussels confounded by location eVects. In particular, diVerent areas may experience diVerent hydrodynamic conditions. In our study, we carefully checked (and measured) these conditions to reduce these diVerences as much as possible. However, we did not sample all possible conditions in each of these systems exhaustively. For that reason, we place emphasis in the interpretation on those patterns that are consistent across systems and culture practices, rather than on impacts of mussel cultures within each of the systems.
Sediment and physico-chemical characteristics
In all three study sites, the sedimentary environment was changed by the presence of mussels. Underneath or in the surrounding areas of the mussel beds and suspended raft cultures grain size was smaller and particulate organic carbon, nitrogen and phosphorus contents were higher than in nearby, culture-free sediments (with similar hydrodynamic conditions). Similar Wndings were reported for natural mussel beds (Ragnarsson and RaVaelli 1999) , commercial bottom-cultured mussel beds (Smith and Shackley 2004) and suspended cultures (Chamberlain et al. 2001) . For mussel beds the combined eVect of sediment trapping and biodeposition leads to high sedimentation rates. Biodeposition in beds of suspension-feeding bivalves results from the active Wlter feeding by the bivalves, which leads to non-digested material being excreted to the sediment surface as feces and pseudo-feces (Kautsky and Evans 1987; Norkko et al. 2001) . Bivalves aVect the structure of the sediment-water interface (Graf and Rosenberg 1997) , resulting in high local deposition rates (Dame 1993 ) and enrichment of sediments in C and N (Kautsky and Evans 1987) . In all three systems, the eVect on the sedimentary environment was local and more or less limited to the mussel bed or its direct surroundings (see also Beadman et al. 2004 ). This local eVect was very well demonstrated in Limfjorden, where within the mussel site we observed signiWcant diVerences between patches of mussels and the bare sediment in between. A mussel transplant experiment in the intertidal by Ragnarsson and RaVaelli (1999) also showed a signiWcant increase in silt content between mussel transplant plots and nearby (2 m) control plots.
The change of the sedimentary environment in the presence of a mussel bed was more pronounced in the Oosterschelde than in Limfjorden. Firstly, the control site had coarser sediment in the hydrodynamically more dynamic Oosterschelde, leading to larger diVerences. Secondly, aerial cover and total biomass of mussels was higher in Oosterschelde than in Limfjorden, enhancing both the biodeposition rate and the degree of cover (and protection against resuspension) of the sediment. Thirdly, feeding conditions and concentration of suspended sediment may have diVered and this may also explain diVerences in amount of biodeposition. Finally, the age of the mussel bed may also inXuence its eVect on the sedimentary environment. However, the age of the beds studied in Limfjorden (2 years) and Oosterschelde (1.5 years) were rather similar and this eVect cannot be studied from our data.
Many studies have indicated that the primary environmental impact of bivalve suspended cultures is increased sedimentation due to biodeposition. Sedimentation rates have been reported to be 1.3-5.5 times higher compared to culture-free areas (Dahlbäck and Gunnarsson 1981; Hatcher et al. 1994; Grant et al. 1995; Callier et al. 2006; , pers. observ; this study). The elevated POC, PON, phosphorus, and phaeo concentrations in the surWcial sediments in the raft area in Ria de Vigo are consistent with measurements of enhanced organic input elsewhere (Dahlbäck and Gunnarsson 1981; Chamberlain et al. 2001; Stenton-Dozey et al. 2001; Christensen et al., 2003; Hartstein and Rowden 2004; . The observation of a strong increase in the phaeopigment concentration further suggests that a majority of the phytosynthetic pigments in the mussel-aVected sediments were depositional chlorophyll degradation products derived from mussel fecal and pseudofecal materials (Mirto et al. 2000; Christensen et al. 2003; .
Our hypothesis that biodepositional eVects of mussels would be smaller in hydrodynamically rough circumstances than in calm conditions is rejected by the comparison between Oosterschelde and Limfjorden. Apparently (pseudo)fecal material is also deposited nearby the mussel bed under a strong current regime as in Oosterschelde. In this system, the physical structure of the (dense) bed can be expected to cause skimming Xow, leading to protected conditions in the bed. Moreover, the strong hydrodynamic forces lead to much higher suspended matter concentrations in the water and thus increase the biodeposition rates of mussels as compared to the quiet clearer waters of Limfjorden.
Also in suspended culture, the distance over which an impact of mussels is measured is, in general, relatively small. Mussel farm impacts were conWned to less than 50 m from the farm boundary in several studies (Mattsson and Lindén 1983; Chamberlain et al. 2001; Hartstein and Stevens 2005) . The degree of environmental impact is directly related to the system's ability to disperse the organic material originating from the mussel cultures (Chamberlain et al. 2001; Newell 2004) , which is strongly linked to the local hydrodynamics (Hartstein and Rowden 2004; Hartstein and Stevens 2005) . Hartstein and Stevens (2005) observed a signiWcant eVect of biodeposits on sediments underneath mussel farms in sheltered sites, reducing to natural levels approximately 30-50 m from the farm site, whereas a more exposed site showed no sign of any mussel deposits in sediments beneath or up to 200 m from the farm boundary. For this exposed site, they concluded that there is at time suYcient energy to re-suspend mussel biodeposits and to disperse these deposits over a wide enough area thereby leaving little impact on the natural sediment. In both sites of Ria de Vigo (polygon and reference) it was seen that the physico-chemical parameters showed a decrease in grain size and chl a and an increase in the other sediment parameters (mud content, POC, PON, phosphorus content, phaeo pigments) with increasing depth. This interaction with depth can be explained by the natural lateral transport of sediments to the drainage channel and by wave action in the more shallow stations that will disturb the sediments. The decrease in chl a with increasing depth can be further explained by the reduced light penetration with increasing depth. On top of this natural gradient, the mussel farm contributed to local organic enrichment through the enhanced biodeposition.
Compared to bottom cultures it was expected that the changes in sediments under a suspended culture would be larger, because of the much higher biomass of mussels per m 2 surface in a suspended culture. This higher biomass leads to a higher biodeposition, and resuspension of biodeposits from intertidal or shallow-water bivalve populations is more likely than those from bivalves living in either deeper water or grown in suspended aquaculture systems, where the underlying sediments are isolated from frequent disturbance by wave action. Most parameters (e.g. mud content, POC, PON) were indeed several times higher in mussel site sediments in Ria de Vigo compared to Oosterschelde and Limfjorden, but highest values in the reference site stations also exceeded those from the reference sites in Oosterschelde and Limfjorden. The diVerent hydrodynamic conditions make direct comparisons among the three study areas diYcult.
Benthic macrofauna response: mussel beds as habitat
In both Limfjorden and Oosterschelde, we observed a signiWcant change in the macrobenthos. A few, mainly intertidal studies have demonstrated signiWcant eVects of the presence of mussel beds on macrobenthic communities (Dittmann 1990; Ragnarsson and RaVaelli 1999; Beadman et al. 2004; Commito et al. 2005) , although the strength and direction of these eVects diVer among studies. Dolmer (2002) suggested a positive relationship between mussel abundance and the number of associated species due to the complex substratum by the mussels, but Beadman et al. (2004) found that increasing the abundance of mussels decreased infaunal diversity and abundance. DiVerent processes and mechanisms will inXuence the presence of the associated benthic macrofauna in mussel beds. The relative importance of each mechanism will determine the (combined) outcome of the ecosystem engineering eVect of the mussels.
Firstly, the complex epibenthic mussel matrix provides a biogenic habitat that oVers a habitat for epibenthic, hard substrate species, as well as shelter and predator refuge for mobile epibenthos (Seed and Suchanek 1992; Reise 2002; Gutiérrez et al. 2003) . Therefore, it was hypothesized that mussel beds will increase the epifaunal biodiversity compared to the surrounding bare sediments. In our study this hypothesis was clearly supported for the Oosterschelde, where the number of (mainly mobile) epibenthic species and their biomass signiWcantly increased in the mussel bed. In Limfjorden, epibenthic species were very rare overall and showed no increase in the mussel bed. Some polychaete species however, like Harmothoe, Pholoe and Polydora, were only present in the mussel bed in Limfjorden, and these species can be considered as epibenthic species, as they live in between the mussel matrix (Dittmann 1990). These species also occurred within the mussel matrix in the Oosterschelde. Increased epifaunal diversity in mussel beds is observed in several studies, both in the intertidal (Dittmann 1990; Ragnarsson and RaVaelli 1999; Asmus 1987) and the subtidal (Seed and Suchanek 1992; Saier 2002) . Some of these species (e.g. crabs C. maenas and seastar A. rubens which increased in both Oosterschelde and Limfjorden) are predators of the mussels themselves and are thus also attracted by the mussels as prey.
Secondly, the biodeposition caused by the bivalves will locally enrich the sediment (see above). For endobenthos living conditions will tend to deteriorate with increasing intensity and persistence of the organic (bio)deposition, following the empirical model of Pearson and Rosenberg (1978) . High rates of biodeposition may result in increased microbial activity and strongly reducing conditions in the sediments, leading to endobenthic communities with low diversity, dominated by opportunistic species such as capitellids and oligochaetes. Several authors observed a shift in the endobenthic community from one dominated by polychaetes in non-mussel areas to one dominated by oligochaetes in mussel beds (Commito and Boncavage 1989; Dittmann 1990; Ragnarsson and RaVaelli 1999) , or at least a decline in polychaetes but not in oligochaetes in the presence of mussels (Beadman et al. 2004) . In particular, the abundance of TubiWcoides benedii (Commito and Boncavage 1989; Commito et al. 2005) and C. capitata (Ragnarsson and RaVaelli 1999) in mussel beds have been attributed to their tolerance for organically enriched, anoxic sediment. In the Oosterschelde, where the mussel bed was very dense, we also observed a shift from polychaetes to oligochaetes, with a dominance of Oligochaetes and C. capitata. In Limfjorden, with a more patchy mussel bed, C. capitata only occurred in the mussel patches, but Oligochaeta did not increase in abundance compared to the control site. On the other hand, several species (e.g. free living species like Scoloplos armiger and Nephtys cirrosa) were absent from the mussel sites or severely reduced in numbers in comparison to the reference sites.
Thirdly, the activity of the mussels themselves might inXuence the settlement of other species. Woodin (1976) predicted that dense suspension-feeding bivalves reduce the probability of successful larval settlement by any larvae, including their own. Several authors have debated this hypothesis, and showed that infaunal species, especially those that form cocoons, brood, fragment asexually, or disperse at large postlarval stages may be relatively more abundant in mussel beds than species with planktonic larval dispersal (Commito and Boncavage 1989; Dittmann 1990; Thiel and Ullrich 2002) . A good example are Oligochaeta that reproduce by means of cocoons. Dolmer (2002) , in contrast to the above hypothesis, suggested that the higher spatial complexity of mussel beds enhances larval settlement of several species.
Both in Limfjorden and Oosterschelde, the associated fauna in mussel beds constituted only about 3-4% of the total biomass. This is also observed in other studies (e.g. Asmus 1987 ). The biomass of the associated fauna within mussel beds often does not exceed that of fauna in surrounding habitats (Asmus 1987 ; this study). Thus, mussel beds do not necessarily enhance biomass (or production) of associated fauna but provide a habitat for particular species that otherwise could not exist in the surrounding unengineered soft-bottom environments (see also Crooks 2002) .
Benthic macrofauna response: suspended mussel farming impacts
The feeding activity of suspended bivalve suspension feeders results in enhanced organic (bio)deposition, without however aVecting the habitat structure. It was, therefore, hypothesized that it would mostly aVect the endobenthos, promoting opportunistic species.
Overall, this hypothesis was conWrmed in our study. Diversity signiWcantly decreased under the mussel culture in Ria de Vigo, and also species richness, although not signiWcantly, showed an average decrease. Total abundance slightly increased in the mussel site, and total biomass signiWcantly decreased. The variability within each site was large, but the between variability was larger and showed signiWcantly diVerent benthic communities between the mussel and reference sites. Other studies on the inXuence of suspended bivalve culture on the benthic macrofauna show varying results. Most studies, including this study, observed a reduced macrobenthic species richness and diversity under suspended mussel cultures (Tenore et al. 1982; Mattsson and Lindén 1983; Kaspar et al. 1985; Stenton-Dozey et al. 2001) . Callier et al. (2007) also observed a decrease under lines with mussels at least 1-year old (1+), whereas sites under lines with mussels less than 1-year old showed the greatest number of species compared to reference and 1+ sites, suggesting that some species have beneWted from the moderate organic loading from the 0+ mussels. Most studies, including our own, observed a shift in the benthic community structure, but the analysis of trophic structure revealed diVerent outcomes among diVerent studies. In Ria the Vigo, we observed a shift towards small surface deposit feeders, as was also observed in the bottom cultures. Mattsson and Lindén (1983) observed higher abundances of deposit feeders at mussel culture sites compared to reference sites. Others, sampling right underneath rafts or longlines, observed a dominance of predators and carnivores that proWt from mussel drop-oV (Grant et al. 1995; Stenton-Dozey et al. 1999) . Kaspar et al. (1985) indicated that the organic debris underneath suspended cultures had a smothering impact on Wlter feeders.
Several studies mention species-speciWc responses and one of the common examples showing increased abundance under mussel rafts is the capitellid worm C. capitata. Christensen et al. (2003) showed that the dissimilarity between farmaVected stations and a reference station was primarily due to the enhancement of small surface deposit-feeding polychaetes, such as C. capitata and Prinospio spp. On the other hand, large, bioturbating species, such as burrowing bivalves and crustaceans, and a dense population of suspension-feeding ophiuroids, were displaced, leading to important implications for the sediment bioturbating capacity (Christensen et al. 2003) . These patterns were also observed by e.g. Mattsson and Lindén (1983) , and Hartstein and Rowden (2004) .
Impact of "foundation species" along stress gradients It is generally assumed that 'foundation species' or ecosystem engineers have the highest impact in extreme physical environments (Crain and Bertness 2006) , where they will ameliorate physical stress. In less stressful conditions, their eVect may be reduced to the provision of competitor-or predator-free space. In mussels, these roles seem to largely coincide: alleviation of physical stress and provision of predator-free space are both a consequence of the habitat structure provided by mussel beds. For epibenthic species this has a clear eVect, especially in hydrodynamically rough conditions as in Oosterschelde. It may explain why the eVect on epibenthos was much more pronounced there than in Limfjorden. The biodeposition by mussel beds, however, is not related directly to hydrodynamic stress (see "Discussion"). Rather, it creates chemical stress and selects for stress-resistant endobenthic species without apparently promoting the use of these (spatially concentrated) organic resources in animal production. Thus, ecosystem engineering in this case cannot solely be viewed as a stress-ameliorating process, nor is it uniquely linked to physical stress gradients.
Conclusions
The presence of Mytilus cultures was shown to have signiWcant eVects on the sedimentary environment and the benthic macrofauna associated with these cultures. Although the three study areas in this study diVered considerably in type of mussel culture and locality (e.g. hydrodynamic conditions), we observed some generalities that could be attributed to the presence and activity (biodepostion) of the mussels: (1) the sedimentary environment showed an increase in POC, PON, phosphorus and phaeopigment concentrations in the presence of mussel cultures, (2) infaunal macrobenthic community structure signiWcantly changed from species which are typically present in sandy environments to small opportunistic SDF species, which are typically present in organically enriched sediments. The consistency of the patterns observed at all three study areas, which encompassed a range of environmental conditions and mussel culturing practices, does increase the generality of our Wndings. Additionally, our observations suggest that eVects are rather locally and restricted to the nearby environment of the mussel cultures.
On the other hand, the present study also illustrates the habitat-forming eVect of mussel beds. It is clear that the engineered habitat provides a resource that is not available in the unengineered environment. This has a positive eVect on the biodiversity (through an increase in epibenthic diversity), which is not observed in sediments near suspended cultures. However, when comparing the biodiversity eVects of bottom and suspended cultures, one should also bear in mind that the mussel ropes of suspended cultures are a habitat on itself that also attracts many epifaunal and infaunal species (Murray et al. 2007 ).
